The lipid mediator sphingosine-1-phosphate (S1P), the product of sphingosine kinase (SPHK)-induced phosphorylation of sphingosine, is known to stabilize interendothelial junctions and prevent microvessel leakiness. Here, we investigated the role of SPHK1 activation in regulating the increase in pulmonary microvessel permeability induced by challenge of mice with lipopolysaccharide or thrombin ligation of protease-activating receptor (PAR)-1. Both lipopolysaccharide and thrombin increased mouse lung microvascular permeability and resulted in a delayed activation of SPHK1 that was coupled to the onset of restoration of permeability. In contrast to wild-type mice, Sphk1 Ϫ/Ϫ mice showed markedly enhanced pulmonary edema formation in response to lipopolysaccharide and PAR-1 activation. Using endothelial cells challenged with thrombin concentration (50 nmol/L) that elicited a transient but reversible increase in endothelial permeability, we observed that increased SPHK1 activity and decreased intracellular S1P concentration preceded the onset of barrier recovery. Thus, we tested the hypothesis that released S1P in a paracrine manner activates its receptor S1P1 to restore the endothelial barrier. Knockdown of SPHK1 decreased basal S1P production and Rac1 activity but increased basal endothelial permeability. In SPHK1-depleted cells, PAR-1 activation failed to induce Rac1 activation but augmented RhoA activation and endothelial hyperpermeability response. Knockdown of S1P1 receptor in endothelial cells also enhanced the increase in endothelial permeability following PAR-1 activation. S1P treatment of Sphk1 Ϫ/Ϫ lungs or SPHK1-deficient endothelial cells restored endothelial barrier function. Our results suggest the crucial role of activation of the SPHK13 S1P3 S1P1 signaling pathway in response to inflammatory mediators in endothelial cells in regulating endothelial barrier homeostasis. (Circ Res. 2008;103:1164-1172.) 
T he vascular endothelium forms a semipermeable barrier separating intravascular and tissue compartments. Disruption of endothelial barrier is a crucial factor in the pathogenesis of tissue inflammation, the hallmark of inflammatory diseases such as the acute respiratory distress syndrome. 1 Increased microvessel endothelial permeability leads to protein-rich alveolar edema that severely impairs oxygenation. 2 Thrombin, a serine protease, generated during sepsis and intravascular coagulation, ligates the endothelial cell surface receptor protease activating receptor 1 (PAR-1) and increases endothelial permeability. 1, [3] [4] [5] [6] This increase in endothelial permeability is typically followed by a recovery period of Ϸ2 hours, during which barrier integrity is restored. 7, 8 It has been surmised that PAR-1 signaling stimulates intrinsic repair mechanisms that restore barrier function. [7] [8] [9] Sphingosine-1-phosphate (S1P), a lipid mediator, was shown to be 1 such factor promoting endothelial barrier function. 10 -13 S1P binds to S1P1 receptor in endothelial cells, leading to activation of heterotrimeric G proteins of the G i class, and signals enhancement of endothelial barrier function through Rac1-dependent adherens junction assembly and actin cytoskeletal remodeling. 10 -13 Sphingosine kinases (SPHKs) catalyze the formation of S1P from sphingosine (SPH). 14, 15 SIP in the circulation is short-lived because of degradation by S1P phosphatase and sphingosine phosphate lyase. 16 Because SPHK activity is required to replenish cellular and plasma S1P concentration, 17 SPHK is a crucial checkpoint regulating S1P synthesis. 14, 15 SPHK activity in endothelial cells largely contributes in maintaining circulating S1P concentration. 16, 17 SPHK is expressed as SPHK1 or SPHK2 isoforms in various cell types. 15, 18 In the present study, we used SPHK1 knockout mice to investigate the role of alterations in SPHK1 activity in regulating endothelial barrier function. Our results demonstrate that SPHK1-generated S1P is a crucial mechanism limiting the effects of inflammatory mediators in increasing endothelial permeability and does so by the activation of endothelial cell S1P1 signaling pathway.
Materials and Methods
Animals, cell culture and transfection, RT-PCR, SPHK activity assay, S1P measurement, confocal imaging, endothelial permeability determination, and lung vascular permeability determination are described in the expanded Material and Methods section in the online data supplement, available at http://circres.ahajournals.org.
Results

SPHK1 Limits the Increase in Lung Vascular Permeability and Edema Formation Following PAR-1 Activation
We used Sphk1 Ϫ/Ϫ mice to address the role of SPHK1 in regulating S1P generation in lung microcirculation and endo-thelial barrier function. RT-PCR analysis of RNA isolated from lungs of wild-type (WT) and Sphk1 Ϫ/Ϫ mice showed that WT lungs expressed both SPHK1 and SPHK2 isoform, whereas only SPHK1 was absent in Sphk1 Ϫ/Ϫ mice ( Figure  1A, a1 ). Similar expression of SPHK2 was seen in RNA and lysates of lungs of WT and Sphk1 Ϫ/Ϫ mice ( Figure 1A , a1 and a2), indicating that loss of SPHK1 did not lead to compensatory increase in SPHK2.
We have shown that thrombin increases lung microvascular permeability through endothelial cell surface protease activating receptor (PAR)-1. 5 Using PAR-1-specific activating peptide (TFLLRN), we determined whether PAR-1 activation alters SPHK activity in lungs. WT or Sphk1 Ϫ/Ϫ mice received IV injection of either control peptide or PAR-1activating peptide (1 mg/kg). Lungs were obtained at 45 or 90 Figure 1. SPHK1 counteracts PAR-1-induced increase in lung microvascular permeability. A, SPHK expression in lungs; RT-PCR of SPHK1 RNA (a1) and protein expression (a2) in WT and Sphk1 Ϫ/Ϫ lungs. a1, RNA extracted from lungs was treated with DNAase and reverse-transcribed using suitable primers as described in the expanded Materials and Methods section in the online data supplement. a2, Lung homogenates were processed for Western blotting with anti-SPHK1, anti-SPHK2, or anti-␤-actin antibodies. B and C, SPHK activity and S1P concentration in lungs. Control or PAR-1 agonist peptide (1 mg/kg) were administered IV to WT and Sphk1 Ϫ/Ϫ mice, and lungs were obtained at indicated times to determine SPHK enzymatic activity (B) or S1P concentrations (C). Inset in B, Representative autoradiograph showing S1P spot (arrow). Data in B and C are meanϮSD of 4 to 5 experiments. *Significant increase in activity compared to 0 time in WT lungs (PϽ0.05). #Significant difference from SPHK1-deficient lungs (PϽ0.05). D, Lung microvessel permeability (measured as K f,c ) in Sphk1 Ϫ/Ϫ mice. After establishing isogravimetric condition, intravascular pressure of lungs was raised by 10 cm H 2 0 for 20 minutes. K f,c was determined as described in the expanded Materials and Methods section. Data are expressed as meanϮSEM of 3 experiments. *Significant difference from WT under basal conditions (PϽ0.05). E and F, PAR-1-induced increase in lung vascular permeability is augmented in Sphk1 Ϫ/Ϫ mice. PAR-1 agonist (1 mg/kg) or control peptide were injected IV into mice, and, after 30 or 90 minutes, lung vascular permeability was determined by quantifying EBAE (E) or wet/dry weight ratio (F) as described in the expanded Materials and Methods section. Data are expressed as meanϮSD of 3 experiments. Because the values of EBAE and wet/dry weight ratio at 30 or 90 minutes following IV administration of control peptide were similar, only 30 minutes of values are shown. *Significant difference from the corresponding control peptide group (PϽ0.05). #Significant difference from PAR-1 peptide-treated WT group (PϽ0.05). G, PAR-1 agonist peptide induces pulmonary edema in Sphk1 Ϫ/Ϫ lungs. Lungs were equilibrated for 10 minutes and then perfused with PAR-1 agonist peptide, and lung wet weight was monitored for an additional 70-minute period. Data are expressed as meanϮSEM of 3 experiments. *Significant difference from WT control (PϽ0.05).
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minutes and were homogenized for determination of SPHK activity using sphingosine as substrate. SPHK was constitutively active in WT lungs ( Figure 1B ). PAR-1 agonist peptide significantly increased SPHK activity above basal at 45 and 90 minutes ( Figure 1B ). However, SPHK activity under basal conditions was decreased by 5-fold in Sphk1 Ϫ/Ϫ lungs, and, importantly, it did not increase following PAR-1 activation ( Figure 1B ). We also determined lung S1P concentrations following PAR-1 agonist peptide administration in WT and Sphk1 Ϫ/Ϫ mice. Basal S1P concentration did not differ in lungs from WT and Sphk1 Ϫ/Ϫ mice ( Figure 1C ). PAR-1 activation significantly increased S1P concentration in WT lungs but failed to induce S1P formation above basal amount in Sphk1 Ϫ/Ϫ lungs ( Figure 1C ). These findings demonstrate that PAR-1 agonist activates SPHK1 in vivo, which generates S1P in lungs. We next addressed the possible role of SPHK1-induced S1P synthesis in regulating lung microvascular permeability using the isolated mouse lung preparation. 5 We determined the microvessel filtration coefficient (K f,c ) in WT and Sphk1 Ϫ/Ϫ lungs under basal condition and after challenge with PAR-1 agonist peptide. Basal K f,c was significantly higher in Sphk1 Ϫ/Ϫ lungs than WT lungs ( Figure 1D ). PAR-1 activation significantly increased K f,c in WT lungs, and a greater increase was seen in Sphk1 Ϫ/Ϫ lungs ( Figure 1D ). Other studies were made to determine the role of SPHK1 in regulating increased lung vascular permeability resulting from PAR-1 activation. In these studies, we quantified Evans blue albumin extravasation (EBAE) to determine transvascular albumin permeability and lung wet/dry weight ratio to quantify edema formation. 19 -21 Lung vascular albumin permeability was the same in WT and Sphk1 Ϫ/Ϫ mice receiving a scrambled PAR-1 peptide ( Figure 1E and 1F). Injection of PAR-1 peptide (IV) increased EBAE ( Figure 1E ) and produced edema in WT lungs ( Figure 1F ). Edema formation and lung vascular permeability recovered at 90 minutes in WT mice. In the absence of SPHK1, PAR-1 further augmented the increase in lung vascular permeability and edema formation ( Figure 1E and 1F), indicating that SPHK1-mediated S1P generation suppresses PAR-1-induced pulmonary edema. In other studies, we determined whether loss of SPHK1 enhances the rate of edema formation following PAR-1 activation, as monitored by changes in lung wet weight in the isolated perfused lung preparation. PAR-1 agonist peptide infusion via the pulmonary artery cannula significantly increased wet weight gain in Sphk1 Ϫ/Ϫ lungs compared to WT lungs ( Figure 1G ). Together, these results demonstrate the critical requirement of SPHK1 activity in opposing PAR-1induced barrier dysfunction.
Augmented Lipopolysaccharide-Induced Increase in Lung Vascular Permeability in Sphk1 ؊/؊ Mice
We addressed whether SPHK1 can also modulate increased lung vascular permeability provoked by lipopolysaccharide (LPS), known to cause neutrophil activation-mediated lung vascular leak. 1,3-6 Sphk1 Ϫ/Ϫ and WT mice received nebulized LPS by inhalation for 45 minutes as described (see expanded Materials and Methods in the online data supplement), and, after 2 or 11 hours, the mice were killed to determine SPHK activity, lung edema formation, and lung neutrophil infiltration. We observed that LPS challenge increased lung SPHK activity after 11 hours in WT mice, but not in SPHK1deficient mice (Figure 2A ). In the absence of SPHK1, LPS caused significantly greater increases in lung vascular permeability ( Figure 2B ) and wet/dry lung weight ratio ( Figure 2C ), as well as further increases in lung neutrophil sequestration ( Figure 2D ). The increases in lung vascular permeability and water content, as well as neutrophil sequestration, returned to normal within 11 hours in WT mice, but these responses persisted in Sphk1 Ϫ/Ϫ mice.
SPHK1 Activation Is Required for Endothelial Barrier Restoration
To gain insight into the mechanism of SPHK1-mediated endothelial barrier repair, we studied human pulmonary arterial endothelial (HPAE) cells in which small interfering (si)RNA was used to suppress SPHK1 expression. Cells were transfected with either scrambled siRNA (control) or SPHK1 siRNA, and after 24, 48, or 72 hours, SPHK1 Western blot analysis showed that effective knockdown of SPHK1 occurred at 72 hours posttransfection ( Figure 3A , left inset). The reduction in SPHK1 expression had no effect on the expression of SPHK2 ( Figure 3A , left inset). Inhibition of SPHK1 expression also markedly reduced SPHK activity compared to scrambled siRNA-transfected cells ( Figure 3A , right inset). In addition, suppression of SPHK1 expression resulted in a 5-fold decrease in intracellular S1P concentration ( Figure 3B ).
We have shown that thrombin induces a rapid increase in endothelial permeability resulting from disruption of adherens junctions followed by recovery when junctions reanneal to restore the barrier. 1, 7 Because RhoA and Rac1 GTPases signal these time-dependent alterations in endothelial barrier function in response to PAR-1 agonist, 7, 8 we determined the role of SPHK1 knockdown and decreased S1P generation on RhoA and Rac1 activities and adherens junction assembly following thrombin challenge. In scrambled siRNAtransfected cells, thrombin increased RhoA activity and disrupted adherens junctions within 10 minutes, but thrombin did not alter Rac1 activity. However, at 2 hours after thrombin challenge, RhoA activity declined to near basal value, whereas Rac1 activity increased in association with reannealing of adherens junctions ( Figure 3C through 3E). Knockdown of SPHK1 reduced basal Rac1 activity and disrupted adherens junctions in the control endothelium, leading to formation of interendothelial gaps. Thrombin induced prolonged activation of RhoA in SPHK1 knockdown cells, Rac1 activity remained suppressed, and the junctions did not reanneal ( Figure 3C through 3E). SPHK1 knockdown also significantly increased basal endothelial permeability determined by transendothelial transfer of Evans blueconjugated albumin across the endothelial monolayer ( Figure  3F , left). Using transendothelial electric resistance (TER) to assess reannealing of junctions, we observed that basal TER values were significantly lower in SPHK1-siRNA transfected cells than scrambled siRNA-transfected cells ( Figure 3F , right). Thrombin decreased TER in scrambled siRNAtransfected cells, which fully recovered within 2 hours ( Figure 3F , right). However, after SPHK1 knockdown, thrombin also decreased TER in HPAE cells, but, in contrast to control cells, TER did not return to basal value during the 2-hour period ( Figure 3F , right). To address whether SPHK1 knockdown perturbed S1P1 receptor function, we added 1 mol/L S1P to control cells or SPHK1 siRNA-transfected cells. S1P enhanced endothelial barrier function in control cells ( Figure 3F , right), whereas it restored barrier function in the SPHK1-deficient cells ( Figure 3F , right).
We next addressed whether increasing SPHK1 activity would prevent thrombin-induced endothelial barrier dysfunction. Figure 3G shows SPHK activity and TER in HPAE cells infected with green fluorescent protein (GFP) (control) or SPHK1 adenovirus. Increasing SPHK1 activity by 5-fold attenuated the thrombin-induced decrease in TER and promoted endothelial barrier recovery, demonstrating the requirement of SPHK1 activation in not only maintaining normal endothelial barrier function but also promoting recovery of barrier function after endothelial junctional disruption induced by thrombin.
SPHK1-Generated S1P Restores Endothelial Barrier Function by Activating S1P1 Receptor
We performed RT-PCR using total RNA isolated from HPAE cells or mouse lungs to identify expression of S1P receptors. Both HPAE cells and mouse lungs express S1P1 receptor ( Figure I in the online data supplement), which is known to signal S1P-mediated enhancement of barrier function. 10 -13 To address the role of S1P generated by SPHK1 in the mechanism of restoration of endothelial barrier function, we first measured SPHK activity and intracellular S1P concentration in HPAE cells following thrombin challenge. Thrombin increased SPHK activity in the same time frame as recovery of endothelial barrier function and concomitantly decreased intracellular S1P concentration ( Figure 4A and 4B) . We next suppressed S1P1 receptor expression using siRNA to determine whether the receptor could be activated in a paracrine manner during recovery from thrombin-induced endothelial permeability increase. As shown in Figure 4C , knockdown of S1P1 receptor prevented recovery from thrombin-induced permeability increase. As a positive control, we demonstrated 
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that S1P enhanced barrier (indicated by a sharp rise in TER) in cells transfected with scrambled siRNA. We observed that S1P had no effect on TER in cells transfected with S1P1 siRNA.
We next determined whether agonist activation of S1P1 could block the increase in vascular permeability induced by PAR-1 activation. WT lungs were perfused with S1P for 15 minutes, followed by 20 minutes of perfusion with PAR-1 Figure 3 . Suppression of SPHK1 in endothelial cells augments thrombin-induced increase in endothelial permeability through RhoGTPase signaling. A, SPHK activity after knockdown of SPHK1. HPAE cells were transfected with 2.4 g of either scrambled (siSc) or SPHK1 siRNA (siSPHK1) for 72 hours. Cell lysates were used to determine SPHK activity as described in the expanded Materials and Methods section. Left Inset, Western blots showing SPHK1 knockdown. Cell lysates were immunoblotted 72 hours posttransfection using anti-SPHK1 or anti-SPHK2 antibodies to determine SPHK1 and SPHK2 expression. Immunoblot with anti-␤-actin antibody was used as loading control. Note that SPHK1 knockdown had no effect on expression of SPHK2. Right Inset, Autoradiograph showing SPHK activity after SPHK1-siRNA or siSc transfection of HPAE cells. B, Effect of SPHK1 knockdown on intracellular S1P concentration. HPAE cells were pelleted and S1P was extracted as described in the expanded Materials and Methods section. The data in B are expressed as meanϮSD, and experiments were repeated 3 times. *Significant difference from siSc-transfected group (PϽ0.05). C and D, Effect of SPHK1 knockdown on Rac-1 and RhoA activities. Cells were stimulated with thrombin for indicated times and incubated with GST-RBD or GST-PBD for 1 hour to determine between Rac1 (C) or RhoA (D) activities (bottom row in C and D) as described in the expanded Materials and Methods section. *Significant difference from siSc control at corresponding time points (PϽ0.05). E, Effect of SPHK1 knockdown on reannealing of endothelial junctions. HPAE cells were stimulated with thrombin for indicated times, fixed, and stained with anti-VE-cadherin antibody followed by secondary Alexa Fluor antibodies. Images were visualized using confocal microscope. The images shown are representative of 3 independent experiments. Arrows at 0 time and 90 minutes (siSPHK1) mark interendothelial gaps indicative of loss of basal barrier function. F, Effect of SPHK1 knockdown on endothelial barrier function. Left, Transendothelial albumin influx across cells transfected with siSc or siSPHK1 was determined by using Evans blue-conjugated albumin as described in the expanded Materials and Methods section. *Significant difference from siSc group (PϽ0.05). Right, TER in response to thrombin in endothelial cells transfected with Sc-or SPHK1-siRNA. Cells were stimulated with 50 nmol/L thrombin and changes in TER were measured. S1P (arrow) was added after the control cells recovered. *Significant difference from siSc group (PϽ0.05). G, Overexpression of SPHK1 counteracts thrombin-induced increase in endothelial permeability. Cells were infected with either GFP or SPHK1 adenovirus, and changes in TER and SPHK1 activity were determined 16 hours after transduction. TER was recorded following addition of 50 nmol/L thrombin (arrow). The inset shows autoradiograph of SPHK enzymatic activity in cells transducing GFP (lanes 1 and 2) or SPHK1 (lanes 3 and 4) 0 or 16 hours after adenovirus infection. Data are reported as meanϮSD (nϭ3). *Significant difference from GFP-transduced cells (PϽ0.05).
agonist peptide to activate SIP1 and PAR-1 sequentially, and lung vascular permeability was measured by determining the K f,c . In WT lungs, pretreatment with S1P prevented the PAR-1-induced increase in lung microvascular permeability without affecting basal permeability ( Figure 4D ). In SPHK1null lungs, S1P reversed the increase in basal lung microvascular permeability ( Figure 4E ).
We also determined whether S1P administration could reverse the increased transvascular albumin permeability and lung edema formation following PAR-1 receptor activation in WT or Sphk1 Ϫ/Ϫ mice. S1P or vehicle (control) was admin-istered IV 15 minutes following IV administration of PAR-1 agonist peptide. With PAR-1 stimulation alone, Sphk1 Ϫ/Ϫ lungs had greater transvascular albumin leakage and edema formation than WT lungs, consistent with the data shown in Figure 1F and 1G. As can be seen, S1P injection fully restored albumin leakage and edema formation induced by PAR-1 activation in both WT and Sphk1 Ϫ/Ϫ lungs.
Discussion
Our findings have identified the indispensable role of endothelial SPHK1 activity in mediating the reversal of increased . SPHK1-S1P signaling restores endothelial barrier integrity through activation of S1P1 receptor. A, Thrombin increases SPHK1 activity. Lysates from HPAE cells stimulated with 50 nmol/L thrombin for indicated times were used to determine SPHK activity as described in Materials and Methods. B, Thrombin decreases intracellular S1P concentration. HPAE cells stimulated with 50 nmol/L thrombin for indicated times were centrifuged and S1P was quantified using liquid chromatographymass spectrometry, as described in the expanded Materials and Methods section. In A and B, data are expressed as meanϮSD of at least 3 experiments. Regression line of best fit has been drawn through data points. C, Downregulation of S1P1 receptor prevents endothelial barrier repair. HPAE cells plated on gold electrodes were transfected with 2.4 g of scrambled or S1P1 siRNA, and, after 48 hours, changes in TER were recorded on addition of 50 nmol/L thrombin (arrow). When control cells recovered, they received 1 mol/L S1P to confirm that S1P requires S1P1 to restore barrier function. Inset in C shows immunoblot of S1P1 using anti-S1P1 antibody in cells after 48 hours of transfection. Immunoblotting with anti-␤-actin antibody was used as a loading control. D and E, Activation of S1P1 by S1P reverses the PAR-1-induced increase in lung microvessel permeability in WT mice and restores basal microvessel permeability in Sphk1 Ϫ/Ϫ mice. Intravascular pressure was raised by 10 cm H 2 0 for 20 minutes in isogravimetric lungs, and K f,c was determined as described in the expanded Materials and Methods section. WT (D) or Sphk1 Ϫ/Ϫ lungs (E) were perfused with 1 mol/L S1P for 15 minutes and/or 10 mol/L PAR-1 peptide for 20 minutes, as indicated. K f,c values were obtained. Individual K f,c values are the mean of 3 to 4 consecutive determination per lung preparation. *Significant effect of S1P on K f,c values in WT or Sphk1 Ϫ/Ϫ lungs (PϽ0.05). F and G, S1P prevents PAR-1-induced lung microvascular permeability increase in Sphk1 Ϫ/Ϫ mice. Mice were challenged with either PBS or PAR-1 peptide for 15 minutes, followed by administration of 1 mol/L S1P. Lung vascular permeability was determined by quantifying EBAE (F) or wet/dry weight ratio (G) as described in the expanded Materials and Methods section. The data are given as meanϮSD of 4 experiments. *Significantly different from PBS control group. #Significantly different from WT group after PAR-1 challenge (PϽ0.05). endothelial permeability. We showed that SPHK1 activation prevented the pulmonary edema elicited by 2 diverse inflammatory stimuli, thrombin and LPS, suggesting that SPHK1 serves a critical antiinflammatory function. The primary observation was that both thrombin and LPS activated SPHK1, leading to release of S1P from the endothelium, which by activating SIP1 promoted reannealing of adherens junctions, thereby restoring endothelial permeability. The results support the concept the SIP acts locally in a paracrine manner. 14 -17 Thus, based on our data, we propose that S1P generated by upregulation of SPHK1 activity is a negative feedback mechanism that serves to limit the increase in endothelial permeability arising from diverse inflammatory stimuli.
We showed that endothelial cells and lung both expressed the 2 isoforms of SPHK, SPHK1 and SPHK2. 14, 15 Both enzymes generate S1P following activation 18, [22] [23] [24] [25] [26] [27] [28] ; however, our data suggest that endothelial barrier function regulation is primarily the function of SPHK1. Lung tissue of Sphk1 Ϫ/Ϫ mice had markedly reduced SPHK enzymatic activity compared to WT mouse lungs whereas the S1P concentration did not differ. Although the basis of normal lung S1P concentration in Sphk1 Ϫ/Ϫ mice is not clear, studies have reported near normal S1P concentrations in other organs of SPHK1-null mice despite the low plasma S1P concentration. 29 In lungs of Sphk1 Ϫ/Ϫ mice, we found that SPHK2 did not compensate for the absence of SPHK1 because SPHK2 expression was similar to WT and SPHK activity of Sphk1 Ϫ/Ϫ lungs was markedly reduced. Because sphingosine phosphatase or sphingosine phosphate lyase rapidly degrade S1P, 14,15 a possible explanation for the normal lung tissue SIP concentration in Sphk1 Ϫ/Ϫ mice may be compensatory reductions in enzymatic activities of sphingosine phosphatase or sphingosine phosphate lyase. The fact that SPHK2 did not compensate for the absence of SPHK1 and the endothelial permeability response was greatly enhanced in Sphk1 Ϫ/Ϫ mice suggests that SPHK1 is the primary isoform responsible for endothelial barrier regulation. SPHK1 activity was markedly increased in WT mouse lungs following PAR-1 activation or LPS challenge, resulting in enhanced S1P generation and accompanied by reduced lung edema formation. SPHK1 activity was required for the restoration of lung vascular permeability after the vascular leak induced by either PAR-1 activation or LPS challenge because the permeability did not return to control values in the absence of SPHK1 expression. The lungs of these animals developed persistent edema. To address mechanisms of SPHK1-mediated endothelial barrier protection, we determined functional consequences of SPHK1 knockdown in endothelial monolayers. Knockdown of SPHK1 decreased both SPHK activity and intracellular SIP concentration by 80%. Also, SPHK1 deficiency markedly increased basal endothelial permeability to albumin and challenge of these cells with thrombin resulted in prolonged increase in permeability in contrast to full recovery seen within 2 hours in control endothelial cells. Thus, SPHK1 knockdown abrogated the recovery process and enhanced the permeability increase. Moreover, overexpression of SPHK1 counteracted PAR-1induced barrier dysfunction. The knockdown of the SIP G protein-coupled receptor S1P1 in endothelial cells abolished the recovery process in response to thrombin challenge. We interpret these findings as suggesting that SPHK1-generated S1P from endothelial cells activates S1P1 receptor in a paracrine manner to restore barrier function. The mechanism of S1P release from endothelial cells remains an enigma. It is possible that ATP-binding cassette (ABC) transporters are involved because they are known to export S1P from cells. 14, 15 We also showed that the basal lung vascular permeability of lungs from Sphk1 Ϫ/Ϫ mice was considerably higher than WT mice. We did not observe gross alterations in lung morphology or differences in basal S1P concentrations that could account for the higher basal permeability in knockout mouse lungs. However, there was a strong correlation between constitutive SPHK1 activity and basal barrier function. Thus, a possible explanation may be that lower enzymatic activity and reduced release of S1P and S1P1 activation in the endothelium of Sphk1 Ϫ/Ϫ lungs impaired endothelial barrier function. This scenario is likely because administration of S1P restored basal barrier function in Sphk1 Ϫ/Ϫ lungs to near normal values.
RhoA and Rac1 have opposing effects in regulating endothelial barrier function. RhoA signals increased endothelial permeability and Rac1 reduces the response. 1 We addressed the possibility that SPHK1 generation of S1P would either prevent RhoA activation or induce activation of Rac1. Inhibition of SPHK1 expression in endothelial cells augmented RhoA activity but also suppressed Rac1 activity in response to thrombin. Both of these changes in RhoA and Rac1 activities help to explain the persistent increase in endothelial permeability seen after SPHK1 knockdown. Moreover, overexpression of SPHK1 fully counteracted the thrombininduced increase in endothelial permeability. The basis of the different effects of SPHK1-generated S1P on RhoA and Rac1 activities is not clear, but it likely involves S1P regulation of activities of GDI-1 (GDP dissociation inhibitor-1), GEFs (guanine nucleotide exchange factors), and GAPs (GTPaseactivating proteins) in an orchestrated manner such that RhoA and Rac1 activities change in the opposing manner. 30 Thus, a simple model to explain the effects of SPHK1-generated S1P may be that S1P acts as a rheostat that inactivates RhoA and activates Rac1, thereby restoring endothelial barrier.
Vascular injury is associated with activation of the coagulation cascade and release of thrombin, which increases endothelial permeability by activating endothelial cell surface PAR-1 signaling. 1, [3] [4] [5] [6] Moreover, sepsis is known to upregulate the expression of PAR-1 receptor, suggesting a commonality between sepsis and PAR-1 activation. 31 However, recent studies suggest that PAR-1 activation under specific conditions may signal endothelial barrier protection. 6, 9, 32 Activated protein C, which reduces mortality of septic patients, 33 was shown to convert PAR-1 signaling from being barrierdisruptive to barrier-protective. 34, 35 Pepducin, a cellpenetrating PAR-1-activating peptide, was protective during the later phase of sepsis, but its effect was mediated via upregulation and cross-activation of PAR-2. 9 In the present study, we add to mechanisms by which PAR-1 activation may be protective. We describe a novel PAR-1-activated mechanism of endothelial barrier involving SPHK1 activation. This mechanism apparently does not require the upregulation of PAR-2 gene because S1P was sufficient to repair barrier after PAR-1 activation and in a time frame that precludes gene expression.
The signaling pathway between PAR-1 and the activation of SPHK1 is not known. Evidence shows that translocation of SPHK1 to the membrane is required to catalyze S1P formation from sphingosine. 14, 15 Extracellular signal-regulated kinase activation downstream of protein kinase C has been shown to phosphorylate SPHK1, leading to its activation. 15, 36 Binding with phosphatidyl serine and calmodulin also facilitates SPHK1 translocation. [37] [38] [39] Because PAR-1 activates protein kinase C, 1 SPHK1 activation may involve phosphorylation by protein kinase C pathway, which may translocate it to endothelial plasma membrane, resulting in S1P production and activation of S1P1 receptor and junctional reannealing. The present results have significant in vivo implications for diseases resulting from a pathological increase in vascular leakiness, such as acute lung injury, and may help in the development of novel therapeutics for specific activation of SPHK1 in endothelial cells.
